Raman spectra (using 5 14 and 740 nm excitation) of high-purity single crystal CbO are presented for the high-and low-temperature phases, showing activity of all "gerade" modes. Within the experimental accuracy, the spectra are found to be consistent with the selection rules for Raman scattering in both the high-temperature fee and low-temperature 2a0-fee phases of solid C6,,. A complete assignment of the observed peaks is proposed.
Introduction
The discovery of buckminsterfullerene [ 1 ] (C&), and in particular the development of a method [2] to produce macroscopic quantities of the fullerenes, has launched a enormous research effort to characterize and understand the chemical and physical properties of this exciting new form of carbon as well as of its derivatives [ 3 ] #' Recently, the solid-state .
properties of the fullerenes have gained much interest, partly induced by the discovery of "high-temperature" superconductivity in alkali-intercalated CbO [4] and by the unusual dynamics of the nearly spherical C,, molecules in the crystal lattice [ 5-71. Crystalline C&, is a molecular solid with only weak intermolecular forces. Despite the weak lattice interactions the presence of the crystal field has a distinct influence on the properties of solid CsO. A clear example of this is the phase transition at TX 255 K, involving a critical decrease of the quasi-free rotational motions. Other manifestations of solid-state effects are for instance found in changes of the resonant enhancements of inelastic light scattering pro- cesses [S] and the presence of several species of delocalized excitons [ 91 in solid Cbo.
Raman spectroscopy has proved to be a convenient method to study the solid-state effects on the dynamical properties of Cbo and related compounds. It has been shown recently that the reduction of the high lh symmetry of the free molecule in the crystal lattice leads to splittings of molecular degenerate vibrational modes and to activation of modes which are Raman inactive for the free molecule. Also a coupling of the vibrational modes to the rotational excitations of CsO [ lo] , and to the electronic excitations in alkali-intercalated CeO [ 1 l] have been reported.
The present Letter presents a detailed Raman spectroscopic study of the solid-state vibrational properties of single crystal CsO in the high-temperature fee and the low-temperature 2a0-fee phases [ 12 1. A full assignment of the observed peaks is proposed, deduced from the selection rules and a comparison of the data mental data [ presented here to other experiand to the theoretical results of
Selection rules
The high symmetry (I,) of the Cho molecule has a large inffuence on its vibrational properties. AIthough ChO has 174 internal degrees of freedom the icosahedral symmetry reduces this large number to fee structure, differing in rotation angle @ by 60" only 46 distinct vibrational modes, the group theo- The presence of this superstructure has been  retical classification of which is given by TFti =  unambiguously confirmed in triplet state EPR mea-2A, + 3F,, + 4F,, -I-6G, -I-8H, + A, t 4F,, t 5F2, t surements on C,, single crystals [ 91. It is likely that 6G, +7H,. Experimentally, the number of observ-the phase transition from the fee to the 2a0-fee phase able modes is further reduced by selection rules. The occurs in two steps. At the 255 K transition the rostrongest reduction occurs for infrared scattering, tational disorder freezes, leaving the possibility of where only the 4F,, modes are active. For Raman rotational excitations involving jumps between the scattering, one expects the 2A, and SH, modes to be almost equivalent orientations of the two groups of active. The most complete picture can be obtained molecules [ 6, 7] . This makes the two groups equivfrom inelastic neutron scattering, which has no se-alent, and the structure is therefore simple cubic. At lection rules at all. These differences in selection rules low temperatures [ 17, 18 ] these rotational jumps also are very useful in the classification of the vibrational freeze, leading to the low-temperature 2a0-fee modes of the C& molecule [ 151.
structure. The vibrational modes and selection rules described above apply only to the free molecule. In the solid state the crystal field influences the vibrational properties as well as the selection rules. A distinction can be made between internal and external modes: the internal modes correspond to the molecular modes of vibration whereas the external modes are the translational and librational vibrations of the molecules as a whole. Because of the rather weak van der Waals bonding between the molecules in solid CeO, one expects that the frequencies of the internal modes are only slightly influenced, yielding small shifts and splittings of these modes. The crystal field effectively lowers the symmetry of the molecules, and therefore some of the molecular inactive modes will become active in the solid state.
The room-temperature structure of solid C,, is fee (T,' ) [ 161 with four equivalent molecules per conventional unit cell. This is possible because, due to the nearly complete rotational freedom, the molecules can be considered to be perfect spheres. At Tc255 K, the rotational motion of the molecules slows down critically and the crystal structure changes due to the faceted icosahedral nature of C6,,. The lowtemperature structure of C& is usually considered to be SC (T$) [ 51, with four orientationally inequivalent molecules per primitive cell. Recently, van Tendeloo et al. [ 12 ] found evidence for a superstructure below 100 K, pointing to a 2a,-fee crystal structure with spacegroup T;1 for the low-temperature phase. In this structure the C& molecules are rotated by an angle @ around the ( Ill} directions, just as in the SC phase. In contrast to the SC structure, however, two groups of molecules can be distinguished in the 2a,-In both the low-and high-temperature phases the inversion symmetry on the molecular sites is retained, which ensures a persistence of the complementarity of infrared and Raman spectroscopy. The symmetry splittings of the modes in the fee, 2a,-fee and SC structures can be determined using factor group analysis. For the 2a0-fee and SC phase, this can be accomplished by taking the site symmetry &, into account. The results of this exercise are shown in table 1, which indicates the correlation between the molecular modes and the solid state modes in the fee, 2a,-fee and SC phases. The resulting number of modes derived from table 1, as well as the number of external modes are shown in table 2 together with their activity in Raman and infrared spectroscopy. A detailed discussion of the group theoretical aspects of the vibrational properties in the fee and SC phase has been given by Dresselhaus et al. [ 19 ] . Instead of just the ten Raman active molecular modes, all gerade modes are expected to be active in solid CsO and one expects to observe 23 groups of modes in Raman Table 1 Correlations between gerade modes of CeD for the free molecule (I,,) and the molecule in the fee (Ti ), 2a,-fee (T: ) and SC ( Table 2 The number of internal (0,) and external (n,) vibrational modes in the fee (Tz), 2%-fee (T$ ) and SC (Tg ) structures of solid 'I&. The external modes have been labeled r, t and a for optical rotational, optical translational and acoustic, respectively. The first column gives the irreducible representation of the T,, point symmetry group of the cubic structures. The second column gives the activity in infra-red (IR) and Raman ( 11 R and IR for the scattered light respectively parallel and perpendicular to the excitation light) experiments. The total number of modes is given in the last row, with in parentheses the total number of Raman active modes (5) spectra. Since in the high-temperature phase the molecules rotate almost freely and are held together by the relatively weak van der Waals interaction, the electronic structure of the C& molecules hardly changes as compared to the free molecule and the splittings are expected to be relatively small. In the same vein, the additional modes induced by the symmetry reduction are expected to be weak. In the low-temperature phase a perturbation of the electronic structure of the C6,, molecules can be expected since the electrostatic interaction between the electron rich and electron poor parts of the molecules is no longer negligible [ 201. The numerical differences in the selection rules for Raman scattering in the 2a,-fee and SC structures can theoretically be used to investigate whether or not the SC structure exists as an intermediate phase between the 2a,-fee and fee phases. Because the expected frequency differences due to the superstructure are, however, very small it seems doubtfully that these differences can be observed experimentally. It is more likely that the distinction between the SC and the 2ao-fee phase is observable in the number of IR active external translational, or Raman active external rotational modes.
Raman spectra of single crystal Cao
The production of the high-purity Go single crystals used in this study has been described in detail elsewhere [ 2 11 . The vapor growth method used ensures a high crystal quality, as well as a further purification of the chromatographically purified starting material. The absence of impurities such as residual solvents, oxygen or other fullerenes is extremely important because they strongly influence the structural and dynamical properties of solid C6@ The crystal quality, already indicated by the morphology revealing only { 100) and { 11 I} faces, has been checked on crystals obtained from the same growth batch. X-ray diffraction revealed a fee structure at room temperature with no indications for any other phase [ 221. High-resolution electron microscopy [ 231, confirmed the pure fee phase and also revealed some structural defects, common to this kind of cubic structures.
The crystals used in the experiments are mounted in a flow cryostat (temperature stabilization better than 0.1 K, absolute temperature f 2 K), which was evacuated to 5X 10e6 mbar immediately after (within a few minutes) they are either removed from their vacuum-kept quartz growth tubes, or cleaved in air. This procedure prevents the degradation of the samples that occurs when the crystals are kept in air and ensures a clean surface. This is of vital importance since the presence of oxygen degrades the samples, leading to changes in the electronic and vibrational properties [24] . Raman experiments have been performed in a backscattering geometry using a DILOR multichannel spectrometer (spectral slit width3Scm-'at514nm,and lScm-'at 740nm), with either an argon ion laser (5 14 nm, dx 30 pm spot) as excitation source, or a Ti : sapphire laser (740 nm). &, is easily excited into a triplet state under the influence of 5 14 nm radiation. Since the interest of the present work is the ground state vibrational properties of Go, the irradiance has been kept below 5 W/cm'. It has been shown [24] that at least in the low-temperature phase the population of the triplet states is negligible at these irradiances. Fig. 1 shows the unpolarized Raman spectra of CbO as recorded in the high-(280 K, spectrum la) and the low-temperature phase (40 K, spectrum 1 b) under 514 nm excitation. A large number of internal modes is observed in both phases (49 in the lowtemperature phase and 21 in the high-temperature phase). Polarized Raman experiments at 100 K yielded an intensity ratio !,/I,, of 0.3-0.9 for most of the peaks, and z 0.02 for the two A, modes. These modes correspond to an in-phase (496 cm-l) and out-of-phase ( 1468 cm-' ) dilatory vibration of the hexagonal and pentagonal rings of the molecule. The spectra have been fitted to Lorentzian shaped peaks, which gave a satisfactory result. The fitted mode frequencies (co,), full width at half maximum (v) and relative intensities (I) are tabulated for both phases in the first six columns of table 3.
Also shown in fig. 1 is the low-temperature (40 K) spectrum of CL0 recorded using 740 nm, 150 W /cm2 excitation (spectrum lc). This spectrum has been corrected for the wavelength dependence of the detector response, and a blank excitation source spectrum has been subtracted. The peak frequencies, linewidths and relative peak intensities are listed in table 4. It should be noted that the penetration depth for 514 nm radiation in CbO is approximately 3 pm. For 740 nm, the penetration depth is orders of magnitude larger. The 150 W/cm2 used for the 740 nm spectrum can therefore be considered as a low-irradiance excitation. The 740 nm and 5 14 nm spectra show comparable absolute intensities, despite the higher irradiance and the larger penetration depth for 740 nm excitation. This evidently reflects the resonance effects in the 514 nm spectra.
Interpretation of the spectra
The 5 14 nm spectra depicted in fig. 1 (spectra la and lb) clearly show Raman activity in crystalline ChO of modes which are inactive for the free molecule . Moreover, a large number of splittings can be observed, especially in the low-temperature spectrum. Details of the spectra, revealing these splittings have been published previously [ lo] . Both re- shows some new lines and splittings, although less prominent than in the 5 14 nm spectra. Except for one mode at 274 cm-', all peaks observed in the 740 nm spectra are also found in the spectra recorded us-592 ing 5 14 nm excitation. The presence of this mode in the 740 nm spectrum is probably caused by the improved spectral resolution (1.5 cm-') of this spectrum. There are two possible causes for the difference in the number of observed peaks in the 5 14 and 740 nm spectra. In the first place weak peaks are difficult to detect in the red part of the spectrum because of the reduced detector efficiency, and also due to the presence of broad spectral features of the Ti:sapphire laser. Secondly, resonance effects play an important role in the 5 14 nm spectrum [ 251. Modes which are only weakly active using 740 nm excitation are strongly enhanced in the 5 14 nm spectrum. Even nonresonant first-order inactive modes can become active near the resonance, although normally these modes are only observed very close to the actual resonance. It is assumed that all observed peaks in the 5 14 nm spectrum, listed in table 3, result from resonance-enhanced first-order Raman processes. The relative intensities of the Raman bands presented in figs. la and 1 b are also strongly influenced by the (pre)resonant enhancement of electronic nature. This is evident from a comparison of these spectra to the spectrum presented in fig. lc, and to the Ff-Raman spectra obtained by Chase and Fagan [ 26 ] recorded using 1.064 urn excitation. The non-resonant data show comparable intensities for the two A, modes and the H, squashing mode, whereas near the resonance the out-of-phase ring mode is found to be a factor of five stronger. Moreover, the two H, modes at 1100 and 1250 cm-', which have a pronounced presence in the 1.064 urn spectra [ 261, are of very low intensity in the spectra of figs. la and lb.
Polarized 5 14 nm Raman experiments at T= 100 K show that the A, modes are weakly active in the perpendicular scattering geometry. This is consistent with the 2ao-fee structure for the low-temperature phase. In the fee phase, the Ag modes are also found to be active in the perpendicular scattering geometry, indicating a violation of the selection rules in this case. This may be induced by defect structures in the fee phase. There are several differences between the spectra of the low-and high-temperature phases (figs. la and 1 b). The low-temperature spectra reveal newly activated modes and splittings of modes already active at high temperatures,
reflecting the reduced symmetry in the 2ao-fee phase. In general the frequencies of the modes in the low-temperature phase are shifted towards higher frequencies, accompanied by a decrease of the linewidths. Also changes in the intensities have been observed. The absolute intensities are generally found to be a factor of 3-4 stronger in the 2ao-fee phase compared to those in the fee phase. In addition to this, some of the relative intensities are drastically changed in the low-temperature phase, for instance the H, modes in the 700-800 cm-' region double in relative intensity compared to the fee phase. The above described differences are partly due to the critical decrease of the rotational freedom in the low-temperature phase [ 10 1, partly to the changes in the electronic structure [ 201, i.e. in the resonance effects in the 2ao-fee phase, and partly to the presence of triplet state excited C& in the fee phase. The softening associated with the presence of Czo [ 241 is illustrated in fig. 2 , which shows the ii-radiance dependence of the frequency of the outof-phase ring mode. For low irradiances ( c 10 W/ cm') this mode softens reversibly, i.e. if the power density is decreased, the mode hardens again. For irradiances exceeding 10 W/cm2 the spectra change irreversibly, indicating a "photo-transformation" [ 27 ] of Cho. The character of this transformation is still unclear, but, in view of the relatively large frequency shift, it seems likely that it involves a molecular transformation rather than structural changes of the crystal lattice. Extrapolating from fig. 2 , the ground-state frequency of the out-of-phase mode is estimated to be 1466 cm-', consistent with the 300 K results obtained with 740 nm excitation (not shown here).
Apart from the Raman data of this work, energyloss spectroscopy [30] results. A further improvement and extension of the assignment to the sym-metry modes can be expected when low-temperature infrared data on single crystal C6,, becomes available, data that can reveal most of the ungerade modes (see tables 1 and 2).
In the low-frequency part of the fee spectra, a broadening of the Rayleigh wing is observed, which extends to x 150 cm-'. Part of the intensity here can be explained by the, to some extend, disordered surface of C6,,, which induces diffuse scattering of the incident laser beam. However, one should consider that the rotational excitations of CbO are also a source of low-frequency scattering, and may be responsible for part of the intensity in this region. At low temperatures, the broadening of the Rayleigh wing is found to be strongly reduced. Furthermore, often some additional structure is observed at 56, 80 and 108 cm-'. This structure is not observed in all spectra and the presence depends on the spot position on the crystal. Therefore, it seems feasible that it is induced by the presence of impurities or by defects in the crystal structure. This is in line with the observed violation of the selection rules for the A, modes. Distinct low-frequency peaks have also been observed in inelastic neutron scattering experiments [ 131, confirming that they originate from external motions of CbO. In Raman scattering only the external rotational modes are expected to be active. The relatively high frequencies, however, indicate that these peaks cannot be of rotational origin and it is more likely that the structure results from activated translational modes. Using the inter-molecular potential derived by Girifalco [ 3 11 , the frequencies of the external vibrational modes, which are proportional to M-'a2 V(t) /ati, can be estimated to lie in the range of 25-85 cm-'. Since the Girifalco potential neglects the contribution of the electrostatic interaction [ 201, this estimate can be considered to give a lower boundary for the translational modes. Coulombeau et al. [ 131 explained the discrepancy between theoretical predictions [ 321 and their neutron scattering results by assuming a rather strong temperature dependence of these modes. The lowfrequency features reported here do not show a strong temperature dependence. Far infrared experiments might give some more insight in the low-frequency vibrational properties of C60.
Conclusion
The vibrational properties of solid CeO in the lowand high-temperature phase have been studied using low irradiance, 514 nm Raman spectroscopy. The wavelength used has the advantage that resonance enhancements reveal Raman active modes which cannot be observed in non-resonant Raman spectroscopy. It has been shown that, within the experimental accuracy, the spectra of the different crystal phases are in agreement with the selection rules as derived in section 2, and a full symmetry assignment of the observed peaks has been proposed. Spectra recorded using 740 nm excitation show that the differences in the Raman spectra recorded at 514 nm for the high-and low-temperature phase are partly due to the rotational ordering, to changes in the resonance Raman cross sections, and to the presence of triplet state excited Ct;,, in the fee phase.
